Peripherally induced regulatory T (pT reg) cells play indispensable roles in regulating gut inflammation; however, the mechanism underling the differentiation of pT reg cells under inflammatory conditions remains largely unknown. Here, we show that the expression of Sox12, a member of SoxC family, is significantly induced in T reg cells in colitic mice. We also show that TCR-NFAT signaling induces Sox12 expression in CD4 + T cells. Although Sox12 is not required for the development of thymus-derived T reg (tT reg) cells, Sox12 is involved in the development of pT reg cells under inflammatory conditions in an adoptive transfer colitis model. Moreover, we found that enforced expression of Sox12 is sufficient to promote Foxp3 expression in CD4 + T cells even in the absence of TGF-β or IL-2 and that Sox12 binds to Foxp3 promoter and drives its transcription. These results suggest that TCR-NFAT signaling induces the development of pT reg cells in colitic mice partly through Sox12 induction.
Introduction
Regulatory T (T reg) cells, defined by the expression of Foxp3, have a central role in the protection against excessive inflammatory responses caused by infections or autoimmune diseases. T reg cells are also important for the maintenance of immune tolerance in gut where trillions of microbes and food antigens are present (Barnes and Powrie, 2009; Tanoue et al., 2016) . Among T reg cells, thymus-derived T reg (tT reg) cells have an indispensable role in maintaining immune tolerance to self-antigens. However, peripherally induced T reg (pT reg) cells, which arise from Foxp3 induction during T cell differentiation in the periphery and generate the majority of gut T reg population (Ai et al., 2014) , play indispensable roles in commensal microbiota composition and the suppression of mucosal allergic inflammation (Josefowicz et al., 2012b) . In autoimmune colitis models, pT reg cells, in concert with tT reg cells, have been shown to act to restore immune tolerance (Haribhai et al., 2009 ). These findings suggest that pT reg cells have critical roles in the suppression of gut inflammation.
Regarding the mechanisms underlying the induction of Foxp3 during T cell differentiation in the periphery, strong TCR signaling with suboptimal costimulation, TGF-β, IL-2, retinoic acid, and microbial metabolites have been shown to induce the development of pT reg cells both in vivo and in vitro (Bilate and Lafaille, 2012; Josefowicz et al., 2012a; Arpaia et al., 2013; Furusawa et al., 2013) . Among the downstream pathways of these signals, Smad3 and NFAT binding to conserved noncoding sequence 1 (CNS1) of Foxp3 gene plays a central role in Foxp3 induction (Josefowicz et al., 2012a) . However, Levine et al. have demonstrated that TCR signaling is dispensable for the maintenance of Foxp3 expression in T reg cells (Levine et al., 2014) . Another group reported that TCR stimulation leads to down-regulation of Foxp3 by degrading FOXO1 protein (Bothur et al., 2015) . In this context, the roles of TCR-NFAT signaling in Foxp3 induction are still debatable.
Recently, it has been shown that T reg cells acquire an activated phenotype, enhance suppressive activity, and increase their populations under inflammatory conditions (Rosenblum et al., 2011; Shafiani et al., 2013) . Regarding the mechanism underlying the maintenance of activated T reg cells, Arvey et al. have shown that Foxp3 poises its targets genes by inducing repressive chromatin formation under inflammatory conditions . Although this study has uncovered the importance of Foxp3-dependent transcriptional program in activated T reg cells under inflammatory conditions, specific transcription factors which regulate Foxp3 expression under inflammatory conditions remain unknown.
We show here that Sox12, a member of SoxC family, is a transcription factor whose expression is significantly enhanced in T reg cells in dextran sulfate sodium (DSS)-induced colitis and that TCR-NFAT signaling induces Sox12 expression. We also show that although Sox12 is not required for the development of tT reg cells, Sox12 is involved in the development of pT reg cells in colitis induced by T cell transfer. Moreover, Sox12 binds to the promoter of Foxp3 gene and drives its transcription. Our data uncover a novel mechanism underlying the development of pT reg cells in colitic mice.
Results and discussion
Sox12 expression is induced in T reg cells by TCR-NFAT signaling To identify genes specifically expressed in T reg cells under inflammatory conditions, we first analyzed gene expression profiles of splenic T reg cells, which were isolated as hCD2 + CD4 + cells from Foxp3-reporter Foxp3 hCD2 mice, with or without the induction of DSS-induced colitis. RNA sequencing identified 56 protein-coding genes whose expression were altered more than twofold by DSS treatment (Fig. 1 A) . Among the 56 genes, we focused on Sex determining region Y box 12 (Sox12) because Sox12 is the only transcription factor. Sox12 is a member of SoxC family composed of Sox4, Sox11, and Sox12, which have a high mobility group (HMG) box domain in N-terminal region and a transactivation domain in C-terminal region (Dy et al., 2008) . Previous studies have revealed that SoxC family proteins play important roles in the development of the heart, nerve system, kidney, and pancreas (Penzo-Méndez, 2010) . Regarding immunological aspects, while Sox4 has been shown to be involved in the differentiation of Th2 cells and survival of B cell precursor (Kuwahara et al., 2012; Sun et al., 2013; Mallampati et al., 2014) , the roles of Sox11 and Sox12 have not been reported yet.
We therefore examined the expression of SoxC family members in T reg cells. As shown in Fig. 1 B, Sox4 and Sox12 but not Sox11 were expressed in splenic T reg cells at steady state. Importantly, the expression levels of Sox12 were significantly elevated in splenic T reg cells isolated from DSS colitis-induced mice as compared with those from control mice, whereas the expression levels of Sox4 were similar between these cells ( Fig. 1 B) . Since Sox4 and Sox12 were expressed in T reg cells in colitis-induced mice, we next analyzed the effect of TCR stimulation on the expression of Sox4 and Sox12 in naive CD4 + T cells, thymic T reg cells, and splenic T reg cells. As shown in Fig. 1 C, both Sox4 and Sox12 were highly expressed in T reg cells as compared with naive CD4 + T cells in steady-state conditions. Interestingly, TCR stimulation increased Sox12 expression but decreased Sox4 expression in T reg cells (Fig. 1, C and D) . These results suggest that the expression of Sox4 and Sox12 is differently regulated in T reg cells and that Sox4 and Sox12 may have a distinct role in T reg cells.
To determine the mechanism underlying TCR signaling-mediated induction of Sox12, we examined the effect of cyclosporin A (CsA), an inhibitor of calcineurin-mediated NFAT activation, on Sox12 expression in CD4 + T cells and found that CsA inhibited Sox12 expression in a dose-dependent manner ( Fig. 1 E) . Chromatin immunoprecipitation (ChIP) assay revealed that NFATc1 bound to the upstream of exon 1 of Sox12 gene locus where CNS is located (Fig. 1, F and G) . Moreover, we found that putative NFAT binding sequences were located in this region ( Fig. 1 H) . These results suggest that Sox12 is induced by TCR-mediated NFAT activation in CD4 + T cells.
Sox12 −/− naive CD4 + T cells fail to convert into pT reg cells in colitic mice
To examine whether Sox12 is involved in T reg cell differentiation, we next analyzed the development of T reg cells in Sox12 −/− mice. The development of T cells in the thymus (Fig. S1, A and B) and the percentage of CD4 + Foxp3 + cells in thymus and spleen ( Fig. 2 A) were similar between Sox12 −/− mice and littermate WT mice at steady state. The frequency of CD4 + Foxp3 + cells in lamina propria of large intestine was also similar between Sox12 −/− mice and littermate WT mice at the age of 3 and 6 wk ( Fig. S1 C) . Moreover, the frequency of Helios + cells in colonic T reg cells were similar between Sox12 −/− mice and WT mice ( Fig. S1 C) , suggesting that Sox12 does not affect T reg differentiation at steady state.
Given that Sox12 expression was elevated in splenic T reg cells in DSS colitis-induced mice, we hypothesized that Sox12 is associated with the differentiation of pT reg cells in colitic mice. To test this hypothesis, we used an adoptive transfer colitis model that mimics human inflammatory bowel diseases and is frequently used for studying T reg cell function (Ai et al., 2014) . When naive CD25 − CD4 + T cells isolated from Sox12 −/− mice or littermate WT mice were injected intraperitoneally to RAG2 −/− mice, the mice transplanted with Sox12 −/− naive CD4 + T cells exhibited shorter survival rate than mice transplanted with WT naive CD4 + T cells ( Fig. 2 B) . Histopathologic examination of the colon revealed severe colitis in mice transplanted with Sox12 −/− naive CD4 + T cells (Fig. 2 C) . In addition, the frequency of Foxp3 + CD4 + cells in spleen and mesenteric lymph nodes (mLNs) was significantly reduced in mice transplanted with Sox12 −/− naive CD4 + T cells as compared with those transplanted with WT naive CD4 + T cells ( Fig. 2 D) . On the other hand, the numbers of IL-17A + CD4 + T cells and IFN-γ + CD4 + T cells in spleen and mLNs were comparable between mice transplanted with Sox12 −/− naive CD4 + T cells and those transplanted with WT naive CD4 + T cells ( Fig. 2 D) .
We next analyzed in vitro differentiation of T cells in Sox12 −/− CD4 + T cells ( Fig. 2 E) . Under iT reg conditions, although Foxp3 expression was reproducibly decreased in Sox12 −/− CD4 + T cells as compared with that in control Sox12 +/− CD4 + T cells ( Fig. 2 E) , the levels of decrease were modest. In addition, in vitro differentiation of Th1 cells under Th1 conditions and that of Th17 cells under Th17 conditions were similar between Sox12 −/− CD4 + T cells and Sox12 +/− CD4 + T cells (Fig. 2 E) . The strongly impaired T reg cell differentiation in colitic mice (Fig. 2 D) with the modest impairment of in vitro T reg differentiation ( Fig. 2 E) suggests that the environmental factor(s) in colitic mice may play critical roles in Sox12-mediated induction of pT reg cells.
To examine whether Sox12 induces the expression of Foxp3 in a cell-intrinsic manner in vivo, we next performed a mixed cell transfer experiment. In this experiment, purified Foxp3 YFP− CD25 − naive CD4 + T cells isolated from Foxp3 YFP-cre Sox12 −/− mice and congenically marked (CD45) littermate Foxp3 YFP-cre Sox12 +/− mice were mixed in a 1:1 ratio, injected intraperitoneally to RAG2 −/− mice, and analyzed 4-5 wk after the transfer ( Fig. 3 A) . As shown in Fig. 3 B, the frequency of Sox12 −/− CD4 + T cells was lower in spleen, but tended to be higher in mLNs (flow cytometry Nuclear proteins of WT or Sox12 −/− CD4 + T cells stimulated with or without TCR for 24 h were immunoblotted with antibodies against Sox12 and LaminB1. Data are representative of three independent experiments. (E) Naive CD4 + T cells were stimulated with TCR in the presence of indicated amounts of cyclosporin A (0-20 µg/ml) for 24 h, and Sox12 expression was assessed by qPCR. Data are compiled from three independent experiments. (F and G) Naive CD4 + T cells were stimulated with TCR for 4 h. ChIP-qPCR assay for Sox12 gene locus was performed with anti-NFATc1 antibody or control mouse IgG. Shown are VIS TA plot of Sox12 gene locus (GRCm38/mm10, Chr2) and representative NFATc1 binding plot to Sox12 regulatory region (F) and means ± SEM of percent input of NFATc1 or control mouse IgG binding to the promoter of Sox12 gene (G). (H) Shown are 5′UTR (light blue), upstream CNS sequences (pink), and putative NFAT binding sequences (blue) of Sox12 gene analyzed by rVIS TA. (C, E, and G) *, P < 0.05; ***, P < 0.001 by unpaired t test.
profiles and upper box plots), suggesting that deficiency of Sox12 might alter tissue distribution of effector CD4 + T cells. Importantly, the frequencies of Foxp3 YFP+ cells in spleen and mLNs were significantly decreased in Sox12 −/− CD4 + T cells as compared with Sox12 +/− CD4 + T cells ( Fig. 3 B , flow cytometry profiles and bottom box plots). On the other hand, the frequencies of IL-17A + CD4 + T cells and IFN-γ + CD4 + T cells in Foxp3 YFP− cells were similar between Sox12 −/− CD4 + T cells and Sox12 +/− CD4 + T cells (Fig. 3 C) .
To examine the role of Sox12 in the stability of T reg cells in vivo, purified Foxp3 YFP+ CD25 + T reg cells from Foxp3 YFP-cre Sox12 −/− mice and those from congenically marked littermate Foxp3 YFP-cre Sox12 +/− mice were cotransferred to RAG2 −/− mice, and the fate of these cells was examined 2 wk after the transfer. The number of CD4 + T cells as well as the frequency of Foxp3 + cells in CD4 + T cells was not significantly different between Sox12 −/− cells and Sox12 +/− cells ( Fig. 3 D) , suggesting that Sox12 does not significantly affect the stability and cell survival of T reg cells. Collectively, these results suggest that Sox12 is cell-intrinsically involved in the development of pT reg cells, although it is still possible that Sox12 is also involved in the function of pT reg cells.
Sox12 increases T reg cells by inducing Foxp3
We next examined the effect of Sox12 on Foxp3 expression in CD4 + T cells by using pMX-IN-Sox12 retrovirus (Sox12 retrovirus) which induces forced expression of Sox12 protein ( Fig. 4 A) . When sorted Foxp3 YFP− naive CD4 + T cells from Foxp3 YFP-cre mice were infected with Sox12 retrovirus under neutral conditions, the numbers of Foxp3 + cells were significantly increased as compared with those infected with control retrovirus (Fig. 4 B) . Sox12-mediated Foxp3 induction was still observed even when TGF-β or IL-2, important cytokines for pT reg cell differentiation (Josefowicz et al., 2012a) , was neutralized by antibodies ( Fig. 4 B) , suggesting again that Sox12 intrinsically induces Foxp3 expression in CD4 + T cells.
We also examined whether the enforced expression of Sox12 enhances suppressive activity in CD4 + T cells. As shown in Fig. 4 C, when CD4 + T cells infected with Sox12 retrovirus were co-cultured with CFSE-labeled naive CD4 + T cells, these cells suppressed the proliferation of responder cells more strongly than control retrovirus-infected CD4 + T cells. In addition, when CD4 + T cells infected with Sox12 retrovirus were cotransferred with naive CD4 + T cells to RAG2 −/− mice, these cells significantly reduced the severity of adoptive transfer colitis as compared with control retrovirus-infected CD4 + T cells (Fig. 4 , D and E). These results indicate that Sox12 induces suppressive ability in CD4 + T cells.
Sox12 induces Foxp3 expression by binding the promoter To address the mechanism underlying Sox12-mediated induction of T reg cells, we next compared the transcriptomes of CD4 + T cells infected with Sox12 retrovirus and those with control retrovirus by RNA sequencing. Some of enriched gene ontology (GO) terms by the forced expression of Sox12 are related to immune systems, although the majority of enriched GO terms are related to cell proliferation, cell death, and organ development (Fig. S2) , consistent with the fact that SoxC family members are involved in the organ development. Among several T reg-associated transcripts including Cd25, Cd44, Cd69, Ctla4, Folr4 (encoding FR4), Foxp3, and Ikzf2 (encoding Helios), Foxp3 was the most differentially expressed gene in CD4 + T cells with Sox12 induction (Fig. 4 F and Table S1 ). Consistently, flow cytometric analysis showed that, although some of T reg-associated molecules were differentially expressed between Sox12-expressing CD4 + Foxp3 + T cells and control CD4 + Foxp3 + T cells at 4 d after the induction, the difference was modest (Fig. 4 G) , suggesting that Foxp3 is likely to be a primary target of Sox12.
We next performed ChIP-quantitative PCR (qPCR) assay to test whether Sox12 directly binds to the regulatory elements of Foxp3 gene. Because no anti-Sox12 antibody suitable for ChIP is available, CD4 + T cells were retrovirally transduced to express HA-tagged Sox12, and the Sox12 binding was evaluated by using anti-HA antibody. As shown in Fig. 5 A, Sox12 strongly bound to the promoter region and weakly bound to CNS1 and CNS2 of Foxp3 gene. Luciferase reporter assay revealed that Sox12 activated −1702 bp Foxp3 promoter, but not −498 bp Foxp3 promoter ( Fig. 5 B) , suggesting that −1702 to −499 bp region of Foxp3 promoter is important for Sox12-mediated Foxp3 promoter activation. We also found that a putative Sox binding sequence (ACC AAAG) is located in −1702 to −499 bp region of Foxp3 promoter and that Sox12 did not activate −1702 bp Foxp3 promoter lacking the putative Sox12 binding sequence (ΔACC AAAG; Fig. 5 B) . DNA precipitation assay confirmed that Sox12 bound to WT DNA probe that contains the putative Sox binding sequence but not to its mutant (Fig. 5 C) . We also assessed whether Sox12 enhances CNS1 activity because CNS1 has been demonstrated to be critical for induced T reg cell differentiation (Josefowicz et al., 2012b) . As shown in Fig. 5 D, Sox12 did not significantly enhance the reporter activity of minimal promoter plus CNS1 construct as compared with that of minimal promoter construct (pGL4.23). Collectively, these results suggest that Sox12 induces Foxp3 expression by directly binding to the Foxp3 promoter and then induces pT reg cell differentiation. 
Concluding remarks
We have shown that Sox12 promotes pT reg cell differentiation in colitic mice. Moreover, Sox12 could induce Foxp3 expression in CD4 + T cells even in the absence of TGF-β and IL-2. Given that antigens and inflammatory cytokines are abundant at the inflammatory site and these factors preferentially induce effector T cells, Sox12-mediated pT reg cell differentiation in the inflamed gut seems to be important to prevent excessive inflammatory responses. Although further studies are needed, our data provide new insights into the mechanisms underlying pT reg cell differentiation under inflammatory conditions to prevent autoimmune diseases such as inflammatory bowel diseases.
Materials and methods
Mice BALB/c mice and C57BL/6 mice were purchased from Charles River Laboratories. RAG2 −/− mice and Foxp3 YFP-cre mice were purchased from Jackson Laboratory and crossed to CD45.1 congenic mice. Foxp3 hCD2 mice (Miyao et al., 2012) were gifts from S. Hori (Institute of Physical and Chemical Research, Kanagawa, Japan). Sox12 −/− mice (Bhattaram et al., 2010) were backcrossed onto C57BL/6 mice for eight generations. To generate Foxp3 YFP-cre Sox12 −/− mice and congenically marked littermate Foxp3 YFP-cre Sox12 +/− mice, Foxp3 YFP-cre Sox12 +/− mice (CD45.1 + /CD45.2 + ) were crossed to Foxp3 YFP-cre Sox12 −/− mice (CD45.2 + /CD45.2 + ). All mice were housed in microisolator cages under specific pathogen-free conditions. Chiba University Animal Care and Use Committee approved protocols of animal experiments.
Reagents
Antibodies to CD3ε (145-2C11), CD28 (37.51), CD11c (HL3), CD44 (IM7), CD62L (MEL-14), CD69 (H1.2F3), CTLA4 (UC10-4B9), IL-4 (11B11), IL-4 (BDV4-1D11), and IFN-γ (XMG1.2), human NGFR (C40-1457), and human CD2 (RPA-2.10) were purchased from BD Biosciences. Antibodies to CD8α (53-6.7), CD16/32 (93), CD25 (PC61 and 7D4), B220 (RA3-6B2), CD45.1 (A20), CD45.2 (104), FR4 (12A5), IL-6 (MP5-20F3), and IL-17A (TC11-18H10.1) were purchased from BioLegend. Antibodies to Foxp3 (FJK-16s) and Helios (22F6) were purchased from eBioscience. Anti-TGF-β mAb (1D11) and anti-IL-2 mAb (JES6-1A12) were purchased from R&D Systems. Cyclosporin A was purchased from Sigma-Aldrich.
Plasmids pMX-IRES-NGFR (pMX-IN) is a retrovirus vector expressing human NGFR under the regulation of an internal ribosome entry site. pMX-IN-Sox12 is a gift from M. Yamashita (Ehime University, Ehime, Japan). HA tag was fused to Sox12 by PCR amplification, and HA-Sox12 was subcloned into pMX-IN to create pMX-IN-HA-Sox12. Sox12 and HA-Sox12 were also subcloned into pcDNA3 (Invitrogen). pGL4.1 and pGL4.23 vectors were purchased from Promega Biotech Inc. pGL4.1 vector containing Foxp3 promoter fragment (−1702 to +174 bp; −1702 bp Foxp3 promoter vector) and Foxp3 CNS1 enhancer fragment (+1988 to +2738) were gifts from Y. Tone (Tone et al., 2008) . CNS1 enhancer fragment was subcloned into pGL4.23 vector. Mutations were introduced on luciferase reporter vectors with a KOD plus mutagenesis kit (Toyobo). All constructs were verified by sequencing.
Cell isolation and analysis CD62L + CD25 − TCRγδ − CD4 + T cells (naive CD4 + T cells) were isolated from lymph nodes or spleen by using a CD4 + CD62L + T cell isolation kit II (Miltenyi Biotec) according to the manufacturer's instruction. The resultant cells were >95% pure CD4 + CD25 − CD62L + T cells by flow cytometric analysis. Flow cytometric analyses were performed on a FAC SCalibur (BD Biosciences) or a FAC SCantoII (BD Biosciences) with FlowJo software (Tree Star).
Cell culture Naive CD4 + T cells were stimulated with anti-CD3ε mAb (5 µg/ ml) in the presence of irradiated splenocyte as antigen presenting cells under neutral conditions (anti-IL-4 mAb [10 µg/ml] and anti-IFN-γ mAb [10 µg/ml]), iT reg conditions (TGF-β [3 ng/ml], anti-IL-6 mAb [10 µg/ml], anti-IL-4 mAb, and anti-IFN-γ mAb), Th1 conditions (IL-12 [10 ng/ml], IL-2 [10 ng/ml], anti-IL-6 mAb, and anti-IL-4 mAb), and Th17 conditions (TGF-β [3 ng/ml], IL-6 [10 ng/ml], anti-IL-4 mAb, and anti-IFN-γ mAb).
DSS-induced colitis
Foxp3 hCD2 mice (6-8 wk old) were given 3% (wt/vol) DSS solution (MP Biomedicals) orally for 7 d. hCD2 + cells were purified from spleens with a SH800 cell sorter (SONY).
Adoptive transfer colitis 6-8-wk-old RAG2 −/− mice were injected intraperitoneally with CD25 − CD4 + cells (5 × 10 5 cells/mouse) from WT or Sox12 −/− mice and the mice were weighed twice per week. Moribund mice were euthanized based on Institutional Animal Care and Use Committee protocol. Histopathological scoring was performed as described previously (Asseman et al., 1999) in a blinded fashion.
In vivo development of pT reg cells in a mixed cell transfer experiment CD45 congenic Foxp3 YFP− CD25 − CD62L hi CD44 lo CD4 + T cells were isolated from Foxp3 YFP-cre Sox12 −/− mice and congenically marked littermate Foxp3 YFP-cre Sox12 +/− mice by using a SH800 cell sorter. The resultant cells were >99% pure Foxp3 YFP− CD25 − CD62L hi CD44 lo CD4 + T cells by flow cytometric analysis. Isolated cells (3 × 10 5 cells, each) were mixed in a 1:1 ratio and injected intraperitoneally into CD45.2 + /CD45.2 + background RAG2 −/− mice. 4-5 wk after the transfer, cells from spleen and mLNs were analyzed.
Stability of T reg cells in a mixed cell transfer experiment
Foxp3 YFP+ CD25 + CD4 + T cells were isolated from Foxp3 YFP-cre Sox12 −/− mice and congenically marked littermate Foxp3 YFP-cre Sox12 +/− mice by using a SH800 cell sorter. The resultant cells were >99% pure Foxp3 YFP+ CD25 + CD4 + T cells by flow cytometry. Isolated cells (1.25 × 10 5 cells, each) were mixed in a 1:1 ratio and injected intraperitoneally into CD45.2 + /CD45.2 + background RAG2 −/− mice. 2 wk after the transfer, cells from spleen and mLNs were analyzed.
Suppression assay
Human NGFR + cells were sorted by a SH800 cell sorter and suppression assay was performed as described previously (Kawashima et al., 2013) . 
Retrovirus-mediated gene expression
Retrovirus-mediated gene induction for naive CD4 + T cells was performed by a RetroNectin-bound virus infection method (Takara Bio) as described previously (Suto et al., 2008) . In brief, Foxp3 YFP− naive CD4 + T cells isolated from Foxp3 YFP-cre WT mice were stimulated with anti-CD3/CD28 antibodies under neutral conditions for 24 h and infected with retroviruses of either pMX-IN-Sox12 or pMX-IN (as a control) in the presence of anti-TGF-β, anti-IL-2, or control IgG (10 µg/ml) for 24 h. Cells were then stimulated with anti-CD3/CD28 antibodies for another 4 d in the presence of antibodies.
For the analysis of the transcriptome of CD4 + T cells infected with Sox12 retrovirus, naive CD4 + T cells were stimulated with anti-CD3/CD28 antibodies under neutral conditions for 24 h, infected with retroviruses of either pMX-IN-Sox12 or pMX-IN (as a control) for 24 h, and then stimulated with anti-CD3/CD28 antibodies for 24 h. Infected human NGFR-positive cells were positively purified by PE-conjugated anti-NGFR antibody and anti-PE microbeads (Miltenyi Biotec) and then dead cells were removed by Lympholyte-M (Cedarlane Laboratories) according to the manufacturer's instructions.
Real-time PCR analysis
Extraction of total cellular RNA, reverse transcription, and qPCR analysis were performed with a StepOnePlus real-time PCR system (Applied Biosystems) as described previously (Suto et al., 2008) .
PCR primers and probes are as follows: Sox4 forward, 5′-CGG CTG CAT CGT TCT CTCC-3′; Sox4 reverse, 5′-GGT AGA CGT GCT TCA CTT TCT TG-3′; Sox11 forward, 5′-CGA CGA CCT CAT GTT CGA CC-3′; Sox11 reverse, 5′-GAC AGG GAT AGG TTC CCCG-3′; Sox12 forward, 5′-CCC GAG GTT ACC GAG ATG ATC-3′; Sox12 reverse, 5′-GCT GAC GGT GGG CTC AGT AG-3′; Sox12 probe, FAM-5′-ACT GGC GCT CGT CTA GTA TCG CCGA-3′-TAM RA; β-actin forward, 5′-GCT CTG GCT CCT AGC ACC AT-3′; β-actin reverse, 5′-GCC ACC GAT CCA CAC AGA GT-3′; β-actin probe, FAM-5′-GTC AAG ATC ATT GCT CCT CCT GAG CGC-3′-TAM RA. The levels of target genes were normalized to the levels of β-actin.
RNA-seq analysis
Total RNA was prepared using a PureLink RNA mini kit (Invitrogen). RNA-seq libraries were prepared using a SureSelect Strand Specific RNA Library Preparation kit (Agilent). Sequencing was performed on an Illumina HiSeq1500 using a TruSeq Rapid SBS kit (Illumina) in a 50-base single-read mode. mRNA profiles were calculated with Cufflinks software and expressed as RPKM (reads per kilobase of exon model per million mapped fragments). For Fig. 1 A, protein-coding genes whose expression was more than 1 RPKM in either one or both conditions were selected for the analysis.
ChIP-qPCR analysis
ChIP was performed using a ChIP assay kit (Millipore) and Dynabeads Protein G (Invitrogen) as described previously (Hiramatsu et al., 2010) . Anti-NFATc1 antibody (7A6; Abcam) and anti-HA antibody (ab9110; Abcam) were used for ChIP assays. DNA contents were measured by qPCR with a SYBR green reagent. Data were expressed as the percent input for each ChIP fraction.
Sequences of qPCR primers for ChIP-qPCR analyses are as follows: primer set 1 (mm10, chr2, start position: 152390018); forward, 5′-TGT AGA TCA TGC TGG CCT TGAA-3′; reverse, 5′-CAG CAC ATG CCT TTG ATC ACA-3′; primer set 2 (mm10, chr2, start position: 152391151); forward, 5′-TCA AGA CCC TTC CTA CCT GTC AGT-3′; reverse, 5′-AGG AAT GGC TGA CCC AGA AA-3′; primer set 3 (mm10, chr2, start position: 152391643); forward, 5′-CAG GCC TCA ATC TTC CAA CTG-3′; reverse, 5′-GTC CCT ATG AGC TAC CAT GTT GAA-3′; primer set 4 (mm10, chr2, start position: 152392737); forward, 5′-CTC CAC GCT AGT CAG GGC TTA-3′; reverse, 5′-TTG TTT TTG TCT AAT GGA CTA TCC TTTG-3′; primer set 5 (mm10, chr2, start position: 152393720); forward, 5′-GGA GTC TGG TGG AAG AAA TGCT-3′; reverse, 5′-CCT GCC CCA GTG TCT AAG CT-3′; primer set 6 (mm10, chr2, start position: 152395142); forward, 5′-AGA GAA ATA GAG AAA GAG CGC AAGA-3′; reverse, 5′-CCA GCT GCC TCC TTT AAA GCT-3′; primer set 7 (mm10, chr2, start position: 152396149); forward, 5′-CCT TTC GGA GTT GGC AAC AG-3′; reverse, 5′-GCA TGC TTG ATG CTT CTT GGA-3′; primer set 8 (mm10, chr2, start position: 152397512); forward, 5′-GCC ACT GGT CCA TGA TTT TTCT-3′; reverse, 5′-CAC ATT AAG CGG CCG ATGA-3′; primer set 9 (mm10, chr2, start position: 152398365); forward, 5′-GCG CTG CCC ATC TGT TCT-3′; reverse, 5′-GCG GCA GGT GTC ATT GAA TA-3′; primer set 10 (mm10, chr2, start position: 152398675); forward, 5′-CGC CTG CTT TCC AAA GACA-3′; reverse, 5′-CAA GCT AGG ACC GCC AGA CT-3′; primer set 11 (mm10, chr2, start position: 152399419); forward, 5′-CCT GGG TGG TTC TTT GTT CAG-3′; reverse, 5′-TGC ACT TGA AGA TAA GCA AAA GGA-3′; primer set 12 (mm10, chr2, start position: 152400126); forward, 5′-AAC CTG TCT CCA ACC ATT TTT TG-3′; reverse, 5′-CGG TTC AGA ATG GTC CTT AAGG-3′.
Luciferase reporter assay EL4 cells (5 × 10 5 cells) were resuspended in resuspension buffer R containing indicated pcDNA3 vectors (pcDNA3-Sox12 or empty pcDNA3) and pGL4 vectors with pRL-TK and electroporated by using Neon transfection system (Invitrogen). Luciferase reporter assay was performed as previously described (Tanaka et al., 2014) .
Western blot
Western blot was performed as described previously (Hiramatsu et al., 2010) by using anti-Sox12 antibody (B01P; Abnova) and anti-Lamin B1 antibody (Ab16048; Abcam).
DNA precipitation assay
293T cells were transfected with pcDNA3-HA-Sox12 and DNA precipitation assay was performed as described previously (Tanaka et al., 2014) .
Data analysis
Data are summarized as means ± SEM. The statistical analysis of the results was performed by either the unpaired Student's t test or ANO VA followed by Dunnett's test. P < 0.05 was considered significant.
Data availability
The accession no. for RNA-seq datasets in this paper is GSE115732.
Online supplemental material Fig. S1 shows development of thymocytes and colonic T reg cells in Sox12 −/− mice. Fig. S2 shows GO terms of transcripts altered by the infection of Sox12 retrovirus. Table S1 shows differentially expressed genes between CD4 + T cells infected with Sox12 retrovirus and those with mock retrovirus.
